TLRs are a family of pattern-recognition receptors that defend against microbial infection and endogenous danger by interacting with conserved pathogen-and danger-associated molecular patterns (PAMPs and DAMPs, respectively) 1 . TLRs contain a cytosolic TIR domain, and signal transduction is initiated by self-association of the TIR domains after PAMP binding. This self-association leads to the recruitment of intracellular TIR-domain-containing adaptor proteins such as MyD88, MAL (TIRAP), TRIF (TICAM-1) and TRAM (TICAM-2) via TIR-TIR interactions 2 , thus triggering downstream activation of transcription factors NF-κB, AP-1 and IRFs to induce antipathogen responses and inflammation 3 . Dysregulation of TLR signaling is associated with a number of disorders including cancer, allergy, autoimmunity, inflammatory bowel disease and atherosclerosis 2,4 .
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TLRs are a family of pattern-recognition receptors that defend against microbial infection and endogenous danger by interacting with conserved pathogen-and danger-associated molecular patterns (PAMPs and DAMPs, respectively) 1 . TLRs contain a cytosolic TIR domain, and signal transduction is initiated by self-association of the TIR domains after PAMP binding. This self-association leads to the recruitment of intracellular TIR-domain-containing adaptor proteins such as MyD88, MAL (TIRAP), TRIF (TICAM-1) and TRAM (TICAM-2) via TIR-TIR interactions 2 , thus triggering downstream activation of transcription factors NF-κB, AP-1 and IRFs to induce antipathogen responses and inflammation 3 . Dysregulation of TLR signaling is associated with a number of disorders including cancer, allergy, autoimmunity, inflammatory bowel disease and atherosclerosis 2, 4 .
MyD88 is required for signaling by all TLRs except TLR3, which uses TRIF alone. TLR4 can signal through both the MyD88-and TRIFmediated pathways, in a manner involving the membrane-associated bridging adaptor proteins MAL and TRAM, respectively. MyD88 also contains a death domain (DD) that interacts with interleukin-1 receptor (IL-1R)-associated kinases (IRAKs) through DD-DD interactions and consequently forms the helical myddosome assembly 5 . These interactions bring the kinase domains of IRAKs into proximity for phosphorylation and activation 6 . The adaptor MAL has been shown to be required for TLR4-induced myddosome assembly and to be present within the myddosome 7 .
TIR domains have a flavodoxin-like fold, and the loops are usually named on the basis of the elements of secondary structure that they connect 8, 9 . The highly conserved BB loop, which links the βB-strand to the αB helix, has been found to be a key interaction motif 2 . For TLR4, a P712H mutation in the BB loop is responsible for the unresponsiveness of C3H/HeJ mice to lipopolysaccharide (LPS) treatment 10 , and the equivalent mutations in TLR2 and the adaptors MAL (P125H), TRAM (P116H and C117H) and TRIF (P434H) act as dominant-negative inhibitors of TLR-mediated signaling [11] [12] [13] . Although structures are available for monomeric receptor and adaptor TIR domains 9 , the mechanisms by which TIR domains mediate intracellular TLR signaling are poorly understood.
RESULTS

MAL self-assembles into filaments
We observed that solutions (60 µM) of purified full-length MAL (residues 1-221; MAL FL ) and the MAL TIR domain (residues 79-221; MAL TIR ) became turbid when incubated at 25-30 °C, thus suggesting self-aggregation. Negative-stain EM revealed the presence of filaments with a diameter of 25-30 nm in both samples ( Fig. 1a and 
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VOLUME 24 NUMBER 9 SEPTEMBER 2017 nature structural & molecular biology a r t i c l e s Supplementary Fig. 1a) . The filaments disassembled when stored at 4 °C, thus showing that MAL polymerization in vitro is temperature dependent and reversible (Supplementary Fig. 1b) . Analysis of turbidity profiles at different protein concentrations ( Supplementary  Fig. 1c,d) showed that MAL FL clustered more readily than MAL TIR . Increased clustering was observed at high ionic strength or low pH ( Supplementary Fig. 1e,f) . In an in vitro cell-free expression system, MAL FL formed large aggregates above 200 nM, whereas MAL TIR formed smaller oligomers ( Supplementary Fig. 2a,b) . The polymerization of MAL FL was self-replicating in vitro, because addition of filament 'seeds' triggered aggregation of monomeric MAL FL ( Supplementary Fig. 2c-e) .
We next examined whether MAL's TIR-domain-containing signaling partners could form large assemblies. Filamentous structures were not observed for the TIR domain of TLR4 (TLR4 TIR ) under conditions similar to those that promoted polymerization of MAL (Fig. 1b) . However, when we incubated equal amounts of TLR4 TIR and MAL TIR together (25-30 °C for 1 h) at concentrations above (60 µM of each) or below (30 µM of each) the critical concentration for MAL TIR -filament formation, both samples became turbid. Negative-stain EM analysis revealed filaments that were morphologically distinct from the filaments formed with MAL TIR alone and had a uniform diameter of approximately 20 nm (Fig. 1b) . The thicker MAL TIR homopolymers were not observed in either of the samples, and SDS-PAGE analysis of the insoluble fractions indicated that the filaments contained both MAL TIR and TLR4 TIR at an approximately 1:1 ratio (Fig. 1c,d ), thus suggesting that MAL TIR and TLR4 TIR form a mixed oligomeric assembly more readily than MAL alone. TLR3 TIR , which has been shown to engage only the TRIF-dependent signaling pathway, did not form an oligomeric coassembly with MAL under any of the conditions tested ( Supplementary Fig. 2f-h ).
MAL promotes assembly of MyD88 oligomers
We also did not observe filamentous structures with MyD88 TIR alone (Fig. 1e) Supplementary Fig. 4 ) for analysis of fluorescence pulse-height versus area for MyD88-V5. Cells with clustered MyD88 have an elevated height-to-area ratio (boxed). The data shown are representative of three experiments. Original gel images of c,d and f can be found in Supplementary Data Set 1. Source data for g and h are available online.
nature structural & molecular biology VOLUME 24 NUMBER 9 SEPTEMBER 2017 7 4 5 a r t i c l e s solution became turbid, owing to formation of assemblies containing both MAL TIR and MyD88 TIR (Supplementary Fig. 3a) . Negative-stain EM revealed shorter and more heterogeneous structures compared with those of MAL alone (Supplementary Fig. 3b ). We also incubated MyD88 TIR with substoichiometric amounts of MAL TIR , and the rate of turbidity increase was enhanced in the presence of increasing amounts of MAL TIR (1:80-1:20 molar ratios) (Fig. 1f,g and Supplementary  Fig. 3c ). Incubation of MyD88 TIR with TLR4 TIR or TRAM (involved in TRIF-dependent TLR4 signaling) did not lead to an increase in turbidity, thus suggesting that the effect was specific to MAL TIR (Fig. 1h) . Negative-stain EM images of MyD88 TIR assemblies induced by substoichiometric amounts of MAL TIR revealed rod-shaped particles with substantial variation in size (1-10 × 0.15-0.5 × 0.01 µm) (Fig. 1e) . Fast Fourier transform analyses of these particles revealed Bragg spots, thus suggesting that the observed structures are ordered arrays of MyD88 TIR ( Supplementary Fig. 3d,e) .
With in vitro cell-free expression, MyD88 TIR formed small soluble oligomers, but MyD88 FL spontaneously self-assembled into large structures ( Supplementary Fig. 3f,g ). Addition of oligomers of MyD88 FL triggered aggregation of monomeric MyD88 FL , thus suggesting self-templated growth ( Supplementary Fig. 3h,i) .
MyD88 FL formed a single cluster when it was overexpressed in HEK293 cells (Supplementary Fig. 4a ), in agreement with results from previous reports [14] [15] [16] . To assess whether MAL could induce self-association of MyD88 FL in HEK293 cells, we established a flow cytometry time-of-flight assay 17 to quantify MyD88 clustering ( Supplementary Fig. 4b,c) . Although MyD88 FL clustered spontaneously at high expression levels ( Supplementary Fig. 4a,c) , clustering at low expression levels increased when MyD88 FL was co-expressed with either MAL FL or MAL TIR ( Fig. 1i and Supplementary Fig. 4c,d ), in agreement with our in vitro data.
Cryo-EM structure of the MAL TIR filament
We collected cryo-EM images of MAL TIR filaments ( Fig. 2a) with automated data acquisition and a direct electron detector. Image analysis (Supplementary Fig. 5a ) revealed a helical symmetry with a 15.5-Å axial rise, a 26.8° left-handed rotation and a C 6 rotational symmetry about the helical axis. Iterative helical real-space refinement (IHRSR) was used to produce an electron density map with an estimated resolution of 7 Å (Fig. 2b,c and Supplementary Fig. 5b ). The final map displayed clear secondary-structure elements, thus allowing unambiguous fitting and refinement of a model of MAL TIR (Fig. 2b,c and Table 1 ).
The MAL TIR filament is composed of 12 protofilaments that associate laterally, forming a hollow tube with an inner and outer diameter of 130 and 250 Å, respectively (Fig. 3a) . Each protofilament is composed of two parallel strands of MAL subunits (inner and outer strand) (Fig. 3b,c) . The structures of the inner-and outer-strand MAL subunits are similar, with an r.m.s. deviation of 1.9 Å for 135 Cα atoms, but conformational differences can be observed in the loop regions (Fig. 3d) (Fig. 3e,f) . The region encompassing the AB loop, a r t i c l e s βB-strand, BB loop and αB-helix has a similar configuration in the NMR and MAL TIR filament structures. This region is considerably different in the crystal structure (Fig. 3f) , owing to the presence of the C89-C134 disulfide bond 19 . Among the known TIR-domain structures, the receptor TIR domains of TLR1, TLR2, TLR6, and TLR10, and IL-RACP possess a BB-loop and αB-helix conformation similar to the conformation observed in the MAL TIR filament ( Supplementary  Fig. 5c and Supplementary Table 1 ).
Detailed interactions in the MAL TIR filament
There are two major types of asymmetric interaction between subunits in the MAL TIR filament, one within each of the two strands of the protofilaments (intrastrand) and one between the two strands of the protofilaments (interstrand). The intrastrand and interstrand interactions (Figs. 3b,c and 4 ) bury 23-25% (1,730-1,890 Å 2 ) of the total surface area of each subunit. The intrastrand interaction involves opposite sides of MAL TIR in an open-ended head-to-tail fashion. Residues in the BB loop ('BB surface') of one MAL TIR subunit interact with residues on the 'EE surface' (the βD and βE strands and the αE helix on the next subunit); the former surface could be considered the 'head' and the latter the 'tail' (Figs. 3b,c  and 4) . At the core of this interface, the conserved β-turn residues P125 and G126 of the BB loop are buried in a pocket at the center of the βE strand. P125 forms contacts with I176 in the βD strand, Y195 and V197 in the βE strand, and A212 in the αE-helix (Fig. 4a) . The interface is also stabilized by three main chain hydrogen bonds (G126-Y195, G127-Y195 and I129-F193). In the inner strand of the protofilaments, the intrastrand interface also involves hydrogen bonds between the R215 side chain and the side chain of T124 and the main chain carbonyls of R121 and A123. These latter residues are part of a short α-helix that is stabilized by a salt bridge between the side chains of E108 and R121. Each subunit in the protofilament interacts with two subunits in the second strand through interstrand interactions (Figs. 3b,c and 4b). These interactions involve residues in the αB and αC helices of one MAL TIR ('BC surface'), and residues in the αD helix and the CD loop of another MAL TIR ('CD surface').
Multiple sequence-and structure-based alignments of human TIR domains highlighted the conservation of the residues equivalent to P125, G126, I176 and V197 (Supplementary Note), thus suggesting that the intrastrand interface observed in both strands of the MAL protofilament may be a conserved mode of interaction among mammalian TIR domains. This possibility is supported by analysis of the crystal structures of the TIR domain of the Tollrelated receptor TRR-2 from Hydra magnipapillata (TRR-2 TIR ; PDB 4W8G and PDB 4W8H; 29% sequence identity with MAL), which revealed an interface almost identical to the intrastrand interface observed in the MAL TIR protofilament in two different crystal forms ( Supplementary Fig. 6a-c) . The interstrand interface was also observed in one of these crystal forms (PDB 4W8G) ( Supplementary Fig. 6a ).
During normal TLR4 signaling, MAL is anchored to the plasma membrane via its N-terminal region (residues 15-35, outside the TIR domain) through binding to phosphoinositides 7, 20 . Because the N termini of the subunits in the two strands of the protofilaments are localized on opposite sides of the assembly (Fig. 3a,b) , lateral association of 12 protofilaments into a hollow tube is not possible at the membrane, because the N-terminal region of all the interstrand subunits would be buried on the inside of the tube. The interactions between protofilaments in the tube are also significantly less extensive compared with the intrastrand and interstrand interactions within the protofilament. The protofilament interface consists primarily of aspartate-arginine and glutamate-arginine salt bridges, and only 3% (200 Å 2 ) of the total surface area per subunit is buried in these interactions (Supplementary Fig. 7a ). It is thus likely that the lateral association of the protofilaments into a hollow tube occurs only in solution (when a high concentration of protofilaments is available), and only the TIR-TIR interactions within the protofilaments are relevant to normal TLR4 signaling in the cell. 
a r t i c l e s
Structure-guided mutagenesis disrupts MAL- and MyD88-assembly formation
We assessed the ability of purified MAL TIR mutants (100 µM) to form filaments by analyzing the insoluble fraction (after incubation at 30 °C for 12 h) with SDS-PAGE ( Fig. 5a and Supplementary Fig. 7b ). We also used negative-stain EM to analyze the presence of filaments in mutants that, as compared with the wild-type (WT) protein, had significantly less protein in the insoluble fraction ( Supplementary  Fig. 7c ). The mutations P125A (intrastrand interface), L162A, L165A, W156A Y159A, and F193A (interstrand interface) abolished MAL-filament formation ( Fig. 5a and Supplementary Fig. 7b-d) . The E108A, F117A and R121A mutations, all of which were predicted to affect the BB-loop conformation, and the K158A mutation (near the interstrand interface) also disrupted filament formation. Mutations outside the intrastrand and interstrand interfaces (D87A, E94A, E95A, D96A, L97A, Y106A, R115A, E132A, Q135A, R207A, D203A and K210A) did not disrupt MAL-filament formation, apart from L182A, Y187A and Y196A (partially buried residues probably important for domain stability), and D154A and R200A (at the interface between protofilaments). Although overexpression in HEK293 cells may not indicate the normal localization of the endogenous protein, we used this method to analyze protein-protein interactions in a cellular environment. The punctate distribution of MAL FL was disrupted by the mutations R121A, P125H and F193A, thus confirming that the intrastrand and interstrand interfaces are likely to mediate TIR-domain interactions in vivo (Fig. 5b) . The P125A mutant retained the ability to cluster in cells, in agreement with previous observations that the P125A mutation leads to only a partial reduction in NF-κB activity 21 . Extensive published MAL mutagenesis data have confirmed the importance of both the intrastrand and interstrand TIR-TIR interactions that we defined for the activation of NF-κB 21, 22 (Supplementary Table 2) .
Examining the superposition of the NMR structure of MyD88 (modeled with the MAL TIR BB-loop conformation) onto subunits of the MAL TIR protofilament suggested that MyD88 TIR continues the head-to-tail arrangement, and a nonsymmetrized projection map prepared from a cryo-EM image of MAL TIR -induced MyD88 TIR assembly confirmed that these assemblies were constructed from similar two-stranded head-to-tail arrays ( Fig. 6a and Supplementary Fig. 8a-c) . We mutated selected residues in the predicted intrastrand and interstrand interfaces of MyD88 TIR (Supplementary Fig. 8d ) and assayed their abilities to form MAL TIR -induced assemblies by monitoring the increase in turbidity (incubation at 30 °C for 90 min). The P200A, W284A and R288A mutants (intrastrand interface), the K238A, L241A, S266A and R269A mutants (interstrand interface), and the R196A and D197A mutants (BB-loop region) abolished MAL TIR -induced assembly of MyD88 TIR ( Fig. 6b and Supplementary Fig. 8e,f) .
Mutations in the intrastrand interface (P200A, I253D, W284A and R288A) and the BB loop (R196A) also disrupted the ability of MyD88 FL to cluster in HEK293 cells (Fig. 6c) . Mutations in the interstrand interface (D234A, K238A, F239A, L241A and F270A) had little effect on clustering, and it is therefore likely that stabilizing interactions involving the DD of MyD88 FL compensate for the effects of single mutations at the interface. However, extensive MyD88 D87A  E94A  E95A  D96A  L97A  Y106A  E108A  R115A  F117A  R121A  P125A  E132A  R121L D122C   Q135A  D154A  Y159A  Q160A  E167A  E172A  L182A  Y187A  E190A  E193A  Y195A  Y196A  D198A Mutations in the BB-loop region that disrupted MAL-filament formation also prevented its induction of MyD88 TIR -assembly formation (F117A and R121A) and MyD88 FL clustering in HEK293 cells a r t i c l e s (R121A, P125A and P125H) (Fig. 7a-c) . However, mutations in the interstrand interface did not prevent MyD88 TIR -assembly formation (L162A, L165A, F193A, and W156A Y159A) or clustering of MyD88 FL (F193A) in HEK293 cells. Overall, these results suggest that the MAL BB loop and intrastrand interface are more important for induction of MyD88 oligomerization than the interstrand interface. Interestingly, introduction of the P125A mutation into MAL FL did not affect MAL-induced clustering of MyD88 FL but did prevent MyD88 FL clustering when it was introduced into MAL TIR . This result is in agreement with our observation that the P125A mutation did not affect the punctate localization of MAL FL but prevented MAL TIRfilament formation in vitro (Fig. 5a) and indicates that the effect of the mutation is subtle and can be overcome by the presence of the N-terminal region of MAL.
Modeled TLR4 TIR -TLR4 TIR , MAL TIR -TLR4 TIR and TRAM TIR -TRAM TIR interactions
Superposition of the TLR4 TIR model onto the MAL TIR protofilament showed that TLR4 TIR can form intrastrand but not interstrand interactions, owing to substantial clashes introduced by the αC helix, which has a different conformation in receptor TIR domains compared with that of MAL TIR (Fig. 7d and Supplementary Fig. 5c ). A better fit was observed for interstrand TLR4 TIR -MAL TIR interactions (Fig. 7d) , thus suggesting that TLR4 TIR interacts with TLR4 TIR and MAL TIR through the intrastrand BE surface and interstrand interfaces, respectively, a result consistent with previous mutagenesis data 25 (Fig. 7e,f) . The involvement of the interface in the TLR4-MAL interaction is also supported by studies on the small-molecule inhibitor TAK-242 (ref. 26) , which disrupts TLR4-MAL binding, specifically targeting C747 in the TLR4 TIR αC helix.
The TIR domain of the adaptor TRAM, which has an analogous role to that of MAL in TRIF-dependent TLR4 signaling, has been reported to oligomerize and precipitate in aqueous solution at 200 µM (ref. 27 ). Oligomerization was prevented by introducing a mutation in the BB loop (C117H), which has previously been established to be dominant negative and to prevent signaling 13 . TRAM has an additional α-helix (αF) at the C terminus, and the conformation of the αC helical region is considerably different from that of MAL (Supplementary Fig. 8g) . However, the conformations of the TRAM and MAL BB loops are similar, and analyzing the superposition of TRAM TIR onto subunits of the MAL TIR protofilament suggested that TRAM can form assemblies by using similar intrastrand and interstrand interactions (Supplementary Fig. 8h,i) . Comparison of MAL TIR and TRAM TIR sequences also showed that the residues involved in the intrastrand interaction in the MAL TIR protofilament are conserved or similar in TRAM (Supplementary Note 1) . This result suggests that TRAM could also form two-stranded head-to-tail assemblies, as observed for MAL.
DISCUSSION
TLRs respond to extremely low concentrations of PAMPs, thus suggesting that a small number of receptors can amplify cytosolic signaling cascades and induce a large transcriptional response [28] [29] [30] . The molecular mechanisms underpinning this cascade are poorly understood, and stoichiometric relationships between interacting TIRdomain-containing proteins have been generally assumed. Here we describe what is, to our knowledge, the first reported evidence that the TIR domains of the TLR adaptors MAL and MyD88 can form large open-ended assemblies. Although it is not likely that MAL and MyD88 form assemblies of similar scale during normal signaling in the cell, the MAL TIR protofilament structure reflects the molecular mechanisms of TIR-TIR interactions during this process, as confirmed by means of extensive mutagenesis and cell assays. Similarly (Fig. 8) . The linker between the DD and TIR domain of MyD88 is ~30 residues long, a length sufficient to enable DD clustering and formation of helical ternary complexes with the IRAKs (the myddosome) while the DD is tethered to the TIR-domain assembly. This sequential and cooperative mechanism of signaling ensures an ultrasensitive response. Signaling by cooperative assembly formation extends to other innate immunity pathways 31 . The structural and kinetic data for MAL and MAL-induced MyD88-assembly formation suggest that the dimerization and trimerization steps are unfavorable and rate limiting, whereas subsequent monomer additions are more favorable, rapid and cooperative. The extended binding surfaces and conformational changes of loop regions can contribute to the cooperativity of assembly formation. The conservation of residues in the intrastrand interaction interface in mammalian TIR domains suggests that the proposed assembly mechanism may apply to other TLRs and the IL-1R family.
A number of mutations in the TIR domains of MAL, MyD88 and TLRs are associated with disease. In MyD88, the R196C polymorphism, which is associated with susceptibility to pyogenic bacterial infection during childhood 32 , maps to the intrastrand interface region. The L252P gain-of-function variant of MyD88, which is found in diffuse large B cell lymphoma and promotes tumor survival through enhanced NF-κB activation 33 , also maps to the intrastrand interface. This mutation has been shown to spontaneously form cytosolic myddosome clusters in lymphoma cell lines and may be able to form MyD88 TIR assemblies in the absence of MAL and activated TLRs 34 . The R753Q polymorphism in TLR2, which has been linked to increased incidence of tuberculosis and other infectious diseases 35 , maps to the interstrand interface. Our work should provide new avenues for developing therapeutics for a range of disorders from inflammatory diseases to pathologies associated with infectious disease.
Although no common TIR-domain interaction interfaces have been observed in crystal structures of mammalian TIR domains, crystalcontact analysis, mutagenesis and molecular docking have been used in a number of studies proposing interaction interfaces and oligomerization models 22, 24, 25, 27, [36] [37] [38] [39] [40] [41] . Although in detail, these models show interaction modes different from those observed in the MAL TIR protofilament, reflecting the difficulty of structural modeling with sparse experimental data 42 , the TIR-TIR interaction interfaces identified for TLR4 (ref. 25) (Fig. 7e,f) and MyD88 (ref. 24) are consistent with those in our model. As discussed earlier, the analogous interactions are also captured in the crystals of TRR-2 TIR . The assemblies reported here are energetically labile, and their symmetry may not be favorable for crystal formation. Structures of plant and bacterial TIR domains involved in effector-triggered immunity and subversion of TLR signaling, respectively, have revealed functionally relevant TIR-TIR interactions that involve highly conserved residues 9, [42] [43] [44] [45] [46] . These dimeric interfaces are symmetric and different from the asymmetric interactions observed in the MAL TIR protofilament, thus suggesting that the TIR-domain fold may have evolved to mediate different types of homotypic interactions.
Given that only four MyD88 molecules are necessary to form one layer of the myddosome for recruitment of IRAKs 5 , it is likely that the TLR4-MAL-MyD88 TIR-domain assemblies in the cell are smaller than those reconstituted in vitro. In contrast to the DD signalosomes 31 , the MAL filaments have a lower valency (number of interfaces each molecule forms with its binding partners), are less stable and disassemble at low temperatures in solution. To avoid detrimental and inappropriate inflammatory responses, TLR signaling must be tightly regulated. It is thus likely that the reversibility of TIR-domain-assembly formation may be a regulatory mechanism that contributes to the control of intensity and duration of TLR signaling.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METHODS
Protein production and purification. The cDNAs of MAL FL (residues 1-221, Nterminal c-Myc tag), MAL TIR (residues 79-221, N-terminal c-Myc tag), TLR3 TIR (residues 750-904) and TRAM TIR (residues 70-235) were amplified by PCR and cloned into the pMCSG7 expression vector 47 by ligation-independent cloning. The resulting constructs encoded an N-terminal His 6 tag and were verified by sequencing. MAL FL , MAL TIR , TLR3 TIR , TRAM TIR , MyD88 TIR (residues 155-296 in pET28b, C-terminal His 6 tag 48 ) and TLR4 TIR (residues 671-820, pET28b, N-terminal His 6 tag) were produced in Escherichia coli BL21 (DE3) cells with autoinduction medium. Cells were grown at 303-310 K until the midexponential phase (OD 600nm of 0.6-0.8) was reached. The temperature was then reduced to 288-293 K, and the cultures were grown for approximately 16 h before harvesting. The cells were lysed in 50 mM HEPES, pH 7-8, 500 mM NaCl and 1 mM DTT by sonication, and the resulting supernatant was applied onto a 5-ml HisTrap FF column (GE Healthcare). Bound protein was eluted with a linear gradient of imidazole from 30 to 250 mM, and the fractions containing the protein of interest were pooled, concentrated and applied onto a Superdex 75 HiLoad 26/60 gel-filtration column (GE Healthcare) preequilibrated with 10 mM HEPES, pH 7.5, and 150 mM NaCl. The peak fractions were pooled, concentrated to a final concentration of 1-10 mg/ml and stored in aliquots at 193 K.
Alanine mutations in MAL TIR were generated with PCR-based gene synthesis 49, 50 and were subsequently cloned into the pMCSG7 vector. Similarly to WT MAL TIR , the alanine mutants were produced in E. coli BL21 (DE3) cells with autoinduction medium, but they were purified in batch mode with Ni-NTA resin and an elution buffer containing 50 mM HEPES, pH 7.5, 150 mM NaCl and 250 mM imidazole.
Alanine mutations of MyD88 TIR were generated with traditional PCR and produced in E. coli BL21 (DE3) cells with autoinduction medium. Mutants were purified with the same method as described for WT MyD88 TIR .
Assays for monitoring TIR-domain-assembly formation in solution.
Assembly formation was analyzed at 25-30 °C in 10 mM HEPES, pH 7.4, and 150 mM NaCl by either monitoring the change in turbidity (absorbance at 350 nm) in a SpectraMax 250 96-well spectrophotometer (Molecular Devices) or analyzing the soluble and insoluble fractions of the samples by SDS-PAGE.
Negative-stain election microscopy. 4 µl of sample from the turbidity or precipitation assays was applied to glow-discharged carbon-coated Formvar grids, adsorbed onto the grid surface for 2 min, negative stained with 1% (w/v) uranyl acetate for 2 min and then blotted and air dried for 10-15 min. The samples were imaged on a JEOL JSM-1011 transmission electron microscope (TEM) operating at an accelerating voltage of 80 kV or a FEI Tecnai 12 TEM operating at an accelerating voltage of 120 kV.
Cryo-electron microscopy of the MAL TIR filament. We imaged grids containing vitrified MAL TIR filaments with an FEI Titan Krios TEM equipped with a 4,000 × 4,000 Falcon II direct detection device with a backthinned CMOS chip. Images were collected with a sampling of 1.05 Å/pixel. A total of 816 images were acquired on a Titan Krios operating at 300 kV, and the contrast transfer function (CTF) was estimated with CTFFIND3 (ref. 51) . Images with a poor CTF were rejected, and 446 images were used for further processing. The defocus values ranged from 0.5 to 3.0 µm. The phases in the micrographs were corrected by multiplying the images by the theoretical CTF (a Wiener filter in the limit of a very poor signal-to-noise ratio). Long filaments were cut from the images with e2helixboxer in the EMAN2 suite 52 . Overlapping boxes 384 pixels long, each shifted by 22 px (~1.5× the axial rise), were cut from the long filaments, thus yielding 54,169 segments. Analysis of the segments revealed variations in the diameter, which were most easily interpreted as arising from a flattening of most of the tubes in thin ice. By selecting only those tubes that had the narrowest diameters (corresponding to the absence of flattening), we found that the resolution of the outer subunits could be improved, whereas the resolution of inner subunits changed very little. A total of 17,175 'unflattened' segments were used in the final reconstruction. The SPIDER software package 53 was used for most subsequent operations, including the IHRSR 54 implementation. The final volume, which had been multiplied by the CTF twice (once by the microscope, and once computationally when the phases were corrected), was modified in amplitudes by multiplying by the sum of the squared CTFs (a Wiener filter in the limit of a high signal-to-noise ratio). The volume was sharpened by application of a negative B factor of 250 Å 2 .
Model building and refinement. The MAL NMR ensemble (PDB 2NDH) and the MAL crystal structures (PDB 2Y92 and PDB 3UB2) modeled with either an AB loop 19 or BB loop (on the basis of the TRAM NMR structure, PDB 2M1W) were initially docked into the density map with Chimera's 'fit into density' tool 55 . The central parallel β-sheet of the crystal structure and NMR ensemble showed good agreement with the experimental data, but the conformations of some of the surrounding helices and loop regions were visibly different. Although no density was observed for the AB-loop region, continuous density was clearly visible in the region of the BB loop. However, the fit of the BB loop to the density was poor in both the NMR ensemble and the crystal structure modeled with a BB loop, thus suggesting that this region adopts a different conformation in the filament structure. To obtain a model of the MAL TIR that fit better with the density map, we used two approaches in parallel: direct interactive modeling with interactive molecular dynamics flexible fitting (iMDFF) in VMD 56, 57 and Rosetta densityguided rebuilding 58 , as described below. The top models from both approaches were then combined and refined with RosettaCM 59 , and the top RosettaCM model was subjected to a final refinement with iMDFF in VMD.
iMDFF. The MAL crystal structure (PDB 2Y92) modeled with a BB loop (on the basis of the TRAM NMR structure, PDB 2M1W) was initially docked into the density map with Chimera's fit into density tool. To capture all protein-protein interfaces, iMDFF was carried out on a tetradecameric fragment containing chains from three adjacent protofilaments. Short contiguous segments of 10-20 residues were mobilized one at a time at 100 K under implicit solvent conditions, together with surrounding contacting residues. These segments were remodeled by interacting with the running simulation with a haptic interface, guided by the fit to the density, the favorability of side chain interactions and the appearance of the Ramachandran plot. At regular intervals, symmetry was regularly reimposed, first by propagation of modifications made to one dimer throughout the octamer, then by ~50-ps equilibration and minimization to convergence with strong symmetry restraints on all heavy atoms.
Model building in Rosetta. A crystal-structure template of the TIR domain of MAL (PDB 3UB2) was initially docked into the density map with Chimera's fit into density tool. Comparative modeling was carried out in RosettaCM with a sequence alignment generated with hhsearch, in the full symmetric complex (a symmetry definition file was generated with make_symmdef_file.pl), and the experimental density was used in model building and refinement. From this starting point, 1,000 independent rebuilding trajectories were run; the best was selected from the top 100 models by Rosetta energy and then from the top five models by fit to data (with the integrated Fourier shell correlation between 10 Å and 5.5 Å). These five models were then subjected to iterative local refinement according to a previously published protocol 58 ; from each of the five starting models, 100 models were generated, and the top five were chosen according to the previously described criteria.
Model recombination in Rosetta. Visual inspection indicated that both iMDFF models and Rosetta models had local features that seemed to better explain the experimental data in specific regions, probably because each method explores different parts of conformational space. We sought to build a model that combined features from both models. Therefore, we again used RosettaCM to build a final model, using as input both the iMDFF model and the five Rosetta models described previously. Given multiple input structures, RosettaCM combines segments of both types of models, attempting to minimize the total energy of the system. As described previously, this modeling was done in the complete symmetric complex, with a score term assessing the agreement with experimental data enabled within Rosetta. In this final model recombination, another 1,000 models were generated, the top 100 were selected by Rosetta energy, and the top model was selected by integrated high-resolution Fourier shell correlation.
Cryo-electron microscopy of the MyD88 TIR assemblies. For cryo-EM of the MyD88 TIR -domain assemblies, 4 µl of protein sample was transferred onto a lacey carbon grid in an FEI Vitrobot Mark 3 instrument with the chamber set to 25 °C and 100% humidity, and the sample was then plunged into liquid ethane. Frozen/ vitrified samples were viewed on a Tecnai F30 microscope operating at 300 kV and imaged at 59,000× magnification with a Direct Electron LC1100 4,000 × 4,000 camera (Direct Electron), with the low-dose mode in SerialEM image acquisition software (http://bio3d.colorado.edu/SerialEM/). Micrographs of the MyD88 TIR assemblies were treated as 2D crystals, and autoindexing (with manual refinement), unbending (to correct for lattice distortions) and corrections for the contrast transfer function were performed with the program 2dx 60 .
Structural analysis and modeling. Structural analyses were performed with Chimera 55 , PyMOL (Version 1.7.4, Schrödinger), DALI 61 , PISA 62 and PDBeFold 63 . Homology models were made with Modeller 64 , multiple sequence alignments were prepared with MUSCLE 65 , and alignments were formatted with ESPript 66 .
Constructs for mammalian expression and cell culture. We cloned full-length human MAL and MyD88, the TIR domains of human MAL (residues 79-221) and MyD88 (residues 155-296), and the N-terminal region of MAL (residues 1-79) into the pEF6-V5-His-TOPO vector. The MAL constructs encoded an N-terminal c-Myc tag, whereas the MyD88 constructs encoded a C-terminal V5-His-tag. We generated mutants of MAL and MyD88 by traditional PCR. All constructs were sequence verified. The human MAL FL template encoded a naturally occurring single-nucleotide polymorphism (G164A) resulting in an S55N amino acid change. This amino acid change has previously been established to have no effect on MAL-induced NF-κB activation or MAL localization 67 . We obtained HEK293 cells from the ATCC, tested them for mycoplasma, and maintained them as previously described 68 .
Microscopy. HEK293 cells were plated on poly-l-lysine-coated coverslips, transfected and immunostained as described previously 68 . Myc-tagged MAL was detected with mouse monoclonal (9B11) anti-Myc antibody (Cell Signaling Technology) at a 1:1,000 dilution overnight at 4 °C and subsequently with goat anti-mouse-Alexa Fluor-555 (Life Technologies, A21422) at a 1:1,000 dilution for 1 h at room temperature. V5-tagged MyD88 was detected with rabbit monoclonal (D3H8Q) anti-V5 antibody (Cell Signaling Technology) at a 1:500 dilution overnight at 4 °C and subsequently with goat anti-rabbit-Alexa Fluor-488 (Life Technologies, A11008) at a 1:1,000 dilution for 1 h at room temperature. Immunostained cells were viewed on either a Zeiss Axioplan 2 microscope and captured with an Axiocam 506 color and grayscale digital imaging camera with Zeiss Zen software or a Zeiss LSM 710 laser-scanning confocal microscope, also with the Zeiss Zen software. Images from the LSM 710 were merged with ImageJ. The brightness and contrast of all images were adjusted with Adobe Photoshop CS6 software.
Evaluation of MyD88 clustering in HEK293 cells by flow cytometry. Assays were performed under conditions similar to those used to evaluate ASC speck formation 17 . To assess the ability of WT or mutant MyD88 to form clusters, we plated HEK293 cells (200,000 cells) in 12-well plates and grew them overnight. Transfections for each well contained empty vector alone or 200 ng of plasmidexpressing V5-tagged WT or mutant MyD88. To assess MAL-induced clustering of Myd88, we cotransfected 200 ng of plasmid-expressing Myc-tagged MAL with the V5-tagged MyD88-expressing plasmid. Empty vector was added so that the final amount of DNA in each sample was 800 ng. DNA-Lipofectamine complexes were then added to cells, and the plates were centrifuged at 700g for 10 min. Cells were harvested after ~16 h and fixed for 15 min with 75% ethanol. Cells were immunostained with the mouse monoclonal (9B11) anti-Myc (Cell Signaling Technology) at a 1:2,000 dilution and rabbit monoclonal (D3H8Q) anti-V5 antibody (Cell Signaling Technology) overnight, then with goat antirabbit-Alexa Fluor-488 (Life Technologies) and goat anti-mouse Alexa Fluor-647 (Life Technologies, A21236) at a 1:10,000 dilution for 60 min. We analyzed the immunostained cells on a BD Accuri C6 flow cytometer. Cells were first gated to exclude debris on a side-scatter (SSC) versus forward-scatter (FSC) plot and then gated to select single cells on a FSC-width versus FSC-area plot. We gated on V5-positive or Myc and V5 double-positive cells for further analysis of speck formation with height-to-area analysis. When a protein clusters into a single speck, the signal from detection with a fluorescent antibody results in a fluorescence pulse with a higher peak and narrower width as compared with the signal from cells expressing diffuse protein; this is the basis of the assay. The percentage of speck-forming cells was determined in a window with a broad range of expression levels or low MyD88 (V5) expression as indicated. The data were analyzed with FlowJo software.
Cell-free expression and seeding of polymerization of MAL FL and MyD88 FL . MAL FL , MAL TIR , MyD88 FL and MyD88 TIR were expressed in vitro with a cell-free protein production system based on extracts from Leishmania tarentolae 69 . The proteins were tagged with GFP at the N terminus, and single-molecule confocal spectroscopy was performed on a homemade microscope to measure protein aggregation in the cell-free extracts 70 . Protein expression levels were measured on the basis of the average fluorescence, and protein oligomers and filaments were detected as large, very intense bursts of fluorescence. Two-color seeding experiments were performed with the same detection principle.
Preparation of Leishmania tarentolae cell-free extracts. L. tarentolae cellfree extracts (LTE) were produced as previously described 69, 71, 72 . Briefly, we obtained the L. tarentolae parrot strain as LEXSY host P10 from Jena Bioscience and cultured the cells in TBGG medium containing 0.2% (v/v) penicillin/streptomycin (Life Technologies) and 0.05% (w/v) hemin (MP Biomedical). Cells were harvested by centrifugation at 2,500g, washed twice by resuspension in 45 mM HEPES, pH 7.6, containing 250 mM sucrose, 100 mM potassium acetate and 3 mM magnesium acetate, and resuspended to 0.25 g cells/g suspension. Cells were placed in a cell-disruption vessel (Parr Instruments) and incubated under 7,000-kPa nitrogen for 45 min, then lysed by rapid release of pressure. The lysate was clarified by sequential centrifugation at 10,000g and 30,000g, and antisplice DNA leader oligonucleotide was added to 10 µM. The lysate was then desalted into 45 mM HEPES, pH 7.6, containing 100 mM potassium acetate and 3 mM magnesium acetate and supplemented with a coupled translation-transcription feeding solution, and was snap frozen until needed.
Gateway plasmids for cell-free protein expression. We cloned the proteins into the following cell-free expression Gateway destination vectors 73 : N-terminal GFPtagged (pCellFree_G03), N-terminal mCherry-myc-tagged (pCellFree_G07) or C-terminal mCherry-cMyc-tagged (pCellFree_G08). We obtained the open reading frames corresponding to full-length MAL and full-length MyD88 from the human ORFeome at the Diamantina Institute, UQ 74 , and we subcloned the TIR-domain constructs for both proteins from the bacterial vectors described above. Transfer of ORFs between vectors was carried out with the Gateway PCR cloning protocol, on the basis of insert amplification with primers to attB1 and attB2 sites (forward primer, GGGGACAAGTTTGTACAAAAAAGCAGGCTT (nnn)18-25; reverse primer, (nnnn)18-25AACCCAGCTTTCTTGTACAAAG TGGTCCCC) 75 .
Single-molecule fluorescence spectroscopy. Single-molecule spectroscopy was performed as described previously 71, 76 , directly in the cell-free expression mixtures, without any purification steps. Labeling of the proteins for fluorescence measurements was simplified by the use of genetically encoded fluorophores (GFP and mCherry). The principle of the single-molecule fluorescence technique is as follows: under a confocal microscope, two overlapping lasers exciting GFP and mCherry fluorophores are used to create a small detection volume in which GFP and mCherry fluorescence emitted by proteins is recorded separately on two single-photon-counting detectors. As proteins freely diffuse, they constantly enter and exit the detection volume of the microscope, thus creating fluctuations in the fluorescence intensity collected. The amplitude and frequency of these fluctuations are quantified to characterize the oligomerization and aggregation of proteins 70 .
In the experiments in Supplementary Figures 2a,b and 3f,g, MAL and MyD88 proteins were expressed in LTE by addition of the template DNA to 10 µL lysate to a final concentration of 20 nM. The reaction was kept at 27 °C for 2.5 h, and then the mixture was diluted 10× in 25 mM HEPES and 50 mM NaCl. A volume of 20 µL of each sample was placed into a custom-made 192-well silicone plate with a 70 mm × 80 mm glass coverslip (ProSciTech). Plates were analyzed at room temperature on a Zeiss Axio Observer microscope with a custom-built data-acquisition setup. A 488-nm laser was focused in solution with a 40×/1.2-NA water-immersion objective (Zeiss). Fluorescence was collected and separated with a 565-nm dichroic mirror and was passed through a 525/20-nm band-pass filter.
Single-molecule fluorescence spectroscopy: seeding experiments. In this assay, the protein (either MyD88 FL or MAL FL ) was expressed as an mCherrytagged protein. The aggregates were spun down and sonicated, and then added to a solution of monomeric GFP protein. We directly detected the recruitment of the GFP monomer to the seed with two-color coincidence measurement by detecting the simultaneous presence of a signal in the GFP (green) and mCherry (red) channels.
For data shown in Supplementary Figures 2c-e and 3h ,i, mCherry-tagged seeds of MyD88 FL and MAL FL were expressed in LTE by the addition of the respective template DNAs in 10 µL lysate at a final concentration of 40 nM. The expression proceeded for 3.5 h at 27 °C. To produce the seeds, the samples were then spun down at 13,000g for 5 min. 80% of the supernatant was discarded, and the solution was sonicated for 1 min in a water bath. During sonication, GFP-tagged MyD88 FL or MAL FL was expressed for 2.5 h, from 2 nM DNA template, and diluted ten times before being placed under the microscope. Two lasers (488 nm and 561 nm) were focused in solution with a 40×/1.2-NA water-immersion objective (Zeiss). Fluorescence was collected and separated with a 565-nm dichroic mirror; signal from GFP was passed through a 525/20-nm band-pass filter, and fluorescence from mCherry was filtered by a 580-nm long-pass filter. The fluorescence of the two channels was recorded simultaneously in 1-ms time bins. Fluorescence time traces were recorded for 75 s before 1 µL of seeds was introduced into the mixture, and the measurements were carried out for an additional 300 s.
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